abstract: Heritable phenotypic traits under significant and consistent directional selection often fail to show the expected evolutionary response. A potential explanation for this contradiction is that because environmental conditions change constantly, environmental change can mask an evolutionary response to selection. We combined an "animal model" analysis with 36 years of data from a long-term study of great tits (Parus major) to explore selection on and evolution of a morphological trait: body mass at fledging. We found significant heritability of this trait, but despite consistent positive directional selection on both the phenotypic and the additive genetic component of body mass, the population mean phenotypic value declined rather than increased over time. However, the mean breeding value for body mass at fledging increased over time, presumably in response to selection. We show that the divergence between the response to selection observed at the levels of genotype and phenotype can be explained by a change in environmental conditions over time, that is, related both to increased spring temperature before breeding and elevated population density. Our results support the suggestion that measuring phenotypes may not always give a reliable impression of evolutionary trajectories and that understanding patterns of phenotypic evolution in nature requires an understanding of how the environment has itself changed.
A major aim of evolutionary biology is to understand how the combination of genetic variation and natural selection produces evolutionary change and thus adaptation. If selection acts consistently on a heritable trait, the mean value of the trait is expected to change over time (Falconer and MacKay 1996; Lynch and Walsh 1998) . However, several studies of natural populations have documented both directional selection and additive genetic variation for a given trait but have found no evidence of the expected microevolutionary change (sometimes even a change in the opposite direction) in the population mean phenotype over time (for a review, see Merilä et al. 2001b ). These findings stand in contrast with the otherwise overwhelming evidence of natural selection and adaptation documented in the wild (for reviews, see Endler 1986; Kingsolver et al. 2001; Kinnison and Hendry 2001) .
An implicit assumption of any study using long-term data sets to assess microevolutionary change over time is that the environment in which individuals are measured remains constant over the study period. However, Cooke et al. (1990) first suggested that if the environment changes at the same time as the presumed evolutionary changes (e.g., through negative density-dependent processes), then it is possible that a genetic response to selection on a given trait might be masked by opposing changes in the environmental component of that trait. Cooke et al. (1990) argued that this effect might be responsible for the lack of evolutionary response observed for clutch size in lesser snow geese (Anser caerulescens) despite positive directional selection and significant heritability. They suggested that if a given population were restricted to a limited area, then environmental factors such as negative density-dependent processes would tend to have a negative impact on the trait under investigation despite the fact that the mean breeding value (or additive genetic merit) of the trait were increasing. For instance, selection on a trait implies that some individuals with particular values of the trait have higher reproductive success and thus produce more offspring, which will tend to resemble their parents. These offspring will subsequently occupy mostly the same habitat and will be subject to the same form of selection as their parents were, given constant selection pressures. Then, as the population density rises, the portion of resources to which each individual will have access should decrease. This decline in the environmental component of the phenotype may reduce, cancel, or even reverse any tendency for the phenotype to increase because of an increase in the population's mean breeding value.
Despite the appeal of this "environmental deterioration" hypothesis to explain the lack of an apparent response to directional selection on heritable traits, no direct test of it has ever been conducted in a wild population. Several potential examples have been identified from long-term studies of bird populations. For example, in populations of snow geese A. caerulescens and barnacle geese Branta leucopsis, a decline in population mean body size despite opposing directional selection was suggested to be caused by increased competition for food, caused in turn by increasing density over the study period (Cooch et al. 1991; Larsson et al. 1998) . Merilä et al. (2001a) suggested another case of environmental degradation opposing selection in a population of the collared flycatcher Ficedula albicollis, where they separated genetic and phenotypic change. In this case, a decline in residual fledging mass, despite selection in the opposite direction, was linked to indirect evidence that food for growing nestlings had been reduced by climatic change. However, to understand why a change in the environmental component of variation in a trait might have occurred, detailed data on potential processes such as population dynamics and climate underlying environmental variation are necessary.
In addition to the environmental deterioration model of Cooke et al. (1990) , there are several other potential explanations for a mismatch between selection and evolutionary response in wild populations. First, selection may be associated with the nonheritable environmental component of the phenotype, in which case no evolutionary response at the phenotypic level is expected (Price et al. 1988; Alatalo et al. 1990; Rausher 1992 ; see Kruuk et al. 2002 for an example). Specifically, environmental factors that affect the development of individuals may have independent effects both on the expression of particular traits and on fitness. Under these circumstances, trait values will be phenotypically correlated with fitness, but there will be no genetic basis for the relationship, leading to an overestimate of the expected response to selection in the case of heritable traits (Rausher 1992; Scheiner et al. 2002; Stinchcombe et al. 2002; Kruuk et al. 2003) . One way to overcome this problem is to estimate the force of selection acting directly on the additive genetic component of a given trait, quantified by individual breeding values for that trait (Rausher 1992) . Second, selection may vary in time and/or in space, potentially reducing any phenotypic response (see Grant and Grant 2002 for an example). The presence of negative genetic correlations between different components of fitness is a third mechanism that would restrict an evolutionary response (Roff 1997; see Sheldon et al. 2003 for an example), or the trait itself could be associated in an opposite manner with fitness at later stages. Further discussion of these and associated mechanisms can be found in Merilä et al. (2001b) and Kruuk (2004) .
In this study, we provide an extensive analysis of patterns of selection on, and the genetic basis of, fledging mass in a population of great tits (Parus major). Analyses of heritability using traditional techniques have suggested that fledging mass should be heritable in great tits (van Noordwijk et al. 1988; Gosler and Harper 2000) . Moreover, heavier body mass is associated with higher juvenile survival (Perrins 1965; Garnett 1981; Tinbergen and Boerlijst 1990; Both et al. 1999) and is highly correlated with mass at recruitment for both sexes in this species (Perrins and McCleery 2001) . However, as we show here, this character has not shown the expected increase over time in our study population. Through a detailed analysis of the mechanisms of inheritance and of natural selection in a long-term study of a wild population, we aimed to explain this mismatch between observation and expectation using the framework above. We show ultimately that the divergence between the response to selection observed at the levels of genotype and phenotype can be explained by a change in environmental conditions over time, which underscores the importance of incorporating the effects of environmental variation when assessing evolutionary dynamics in the wild.
Material and Methods

Study Species and Data Collection
We used data obtained from the long-term study of the great tit population in Wytham Woods, Oxford, United Kingdom (see Perrins 1965 Perrins , 1979 for more details). All breeding attempts are monitored from the date of egg laying until all nestlings had fledged. At 15 days old, nestlings were weighed (to nearest 0.1 g) and marked with individually numbered aluminium rings. At the same time, their parents were captured and their identity was checked (see Perrins 1979; Perrins and McCleery 2001 for more detailed information), and thus pedigrees for the quantitative genetic analysis were constructed on the assumption that the pair of birds attending a nest were the genetic parents of the nestlings in the nest. Extra-pair paternity in this population has been estimated to be 14% using two allozyme loci (Blakey 1994) , although estimates using more reliable methods for other great tit populations suggest a lower figure (7.3%, the combined estimate from studies using DNA fingerprinting; for a review, see Griffith et al. 2002) . This suggests the presence of errors in the pedigree in father-offspring relationships that will tend to bias heritability and additive variance estimates downward. Unmarked birds that were first caught as breeding adults were defined as being immigrants to Wytham. Here we used data from 1965 to 2000 because nest box locations were kept constant from 1964 and because we were able to correct for the effect of laying date, clutch size, and egg weight for these years (all have significant effects on fledg- In all the analyses that follow, we use residual mass from a general linear model including lay date, clutch size, and egg weight as factors. Analyses using raw fledging mass are unchanged as regards interpretation, but we present data using residuals as it controls for potentially confounding factors that are also under selection. Second clutches and repeat clutches laid after failure of the first clutch were removed from the data set (as in van Noordwijk et al. 1995) . In total, data were available for 4,943 breeding attempts involving 38,024 chicks. There was a total of 59,386 individuals included in the pedigree with at least one lineage link; the maximum length of a lineage was 30 generations ( ). mean ‫ע‬ SE p 7.0 ‫ע‬ 1.3
Quantitative Genetic Analysis
Variance Components and Breeding Value Estimation. Heritability of fledging mass and individual breeding values were estimated through a mixed model restricted maximum likelihood (REML) estimation procedure using the software packages VCE4 (Variance Component Estimation, version 4; Neumaier and Groeneveld 1998) and PEST (Prediction and ESTimation; Groeneveld et al. 1992) . We thus used the pedigree information to fit an individual "animal model" (Lynch and Walsh 1998) , which partitions phenotypic variance in a quantitative character into its additive genetic and other fixed and random components such as common environment (Meyer 1989) . Specifically, year of birth was included as a random effect, and the sector of the wood (one of the nine sections of Wytham Wood with different habitat characteristics; see Minot and Perrins 1986 ) was included as a fixed effect to account for temporal and spatial heterogeneity in environmental effects on the phenotype. The brood identity (combination of parental identities) was also fitted as a random effect to account for common-environment effects specific to the individual brood as well as any nongenetic maternal effects (Kruuk 2004) . Partitioning the variance by including brood identity as a random effect just ensures that significance tests are conducted against the proper residual variance and not inflated by between-brood variance. The narrow-sense heritability (h 2 ) was estimated as the ratio of the additive genetic variance (V A ) to the total phenotypic variance (V P ):
. Best linear unbiased predictors 2 h p V /V A P of individual estimated breeding values (twice the expected effect of the genes that an individual passes on to its offspring or the total additive effect of its genes on that trait; Falconer and MacKay 1996) were quantified from pedigree information using REML estimates of variance components with the software package PEST. An individual's predicted breeding value is given as a linear sum of its own phenotype (corrected for other effects and scaled by the heritability) plus contributions from the breeding values of all of its relatives scaled by the relatedness of each relative to the focal animal (its relationship matrix). As such, two nonsurvivors in a nest will have exactly the same breeding value only if they have exactly the same phenotype (fledgling mass). Changes in estimated breeding values (EBVs) in different generations will reflect changes in additive genetic effects resulting from selection.
Genetic Covariances. We used a multivariate animal model to calculate the genetic correlation of body mass measured among temporal "sections" of the study to assess any potential genotype by environment interaction that could generate the appearance of a genotypic change and alter the expression of genetic variance in different environments. Specifically, a genetic correlation was estimated among the traits expressed in temporal segments of equal length in years (1965-1982 vs. 1983-2000) . Here we defined traits measured in the first part of the study period versus those measured in the last part of the study as different "subtraits." Genetic correlations between these subtraits that are significantly less than unity indicate a genotype-environment interaction (Falconer and MacKay 1996) , and this could be taken as evidence of a genetic constraint on evolutionary change as well as potentially confounding tests for genetic change assessed by trends in breeding values as above. The genetic correlation between the sexes for body mass was also estimated among recruited individuals (the first point at which the sex was known for the majority of individuals). A strong genetic correlation between the sexes might constrain any evolutionary response, particularly if selection acted differently on the two sexes (see Merilä et al. 1997 Merilä et al. , 1998 Verboven and Visser 1998) . In this case, the analysis was restricted to individuals that recruited to the breeding population as adults; year was included as a random effect, and sector and sex (known for individuals recaptured as adults) were included as fixed effects.
Standard errors for heritabilities and genetic correlations were computed by VCE4, and standard errors for variance components were obtained from VCE3 (see also Neumaier and Groeneveld 1998) .
Selection Analyses
Estimates of viability selection on phenotypic and estimated breeding values of fledging mass were based on recapture data under the assumption that nestlings not returning to the study area in subsequent years had died ( survival). A proportion of juveniles dissurvival p local perse to breed elsewhere, but because we were interested in explaining the dynamics of a population, those individuals that disperse outside are effectively dead. Standardized selection differentials on phenotypic values were compared with those on standardized EBVs as a test of whether selection was associated with individual genotypes (see Scheiner et al. 2002; Stinchcombe et al. 2002; Kruuk et al. 2003) . To test for temporal heterogeneity in selection, analyses were performed for each of the study years separately as well as for the data pooled over years. In each of the analyses, relative fitness (survivorship divided by mean survival rate) was calculated and fledging mass was standardized (0 mean, unit variance) within the data set used in the given analysis. Standardized directional (i) and quadratic (j) selection differentials (Endler 1986 ) were estimated using linear and second-order polynomial regressions, respectively, for relative survival on both standardized (0 mean, unit variance) phenotypic and breeding values of body mass. Statistical significance of the selection differentials was estimated with logistic regression (see Fairbairn and Preziosi 1996) . Here, we used a logistic regression model with fixed (phenotype or genotypic values of body mass) and random effects that allowed us to take into account the nonindependence of fledglings within nest boxes by including brood identity as a random effect in the model (using a generalized linear mixed model [GLMM] with binomial errors; implemented in Genstat, ver. 6.2 [VSN 2002] ). The significance of body mass as a predictor of survival ( , ) was as-0 p died 1 p survived sessed from its Wald statistic, which is distributed as a (VSN 2002) .
We explored trends in selection differentials in crosssectional analyses using linear regressions of annual means (for any mass-related measurements) weighted by the number of fledglings in a given year.
We also quantified the genetic correlation between body mass and adult fitness components using multivariate analyses, as in "Genetic Covariances," to explore selection on fledging mass via adult fitness components. Specifically, genetic correlations were estimated from multivariate analyses of body mass, life span (LSP; number of years from birth to last time caught) of recruited individuals, and lifetime reproductive success (LRS; number of offspring who recruited into the breeding population) of recruits, where year was included as a random effect and sector as a fixed effect. Associations between adult LSP or adult LRS and EBVs for body mass were also tested using GLMMs with Poisson error structure in Genstat (VSN 2002) . This analysis was performed to test for potential constraints acting through antagonistic effects on components of fitness in later, adult stages. Brood identity and year were included as random effects to account for repeated measures, and sector was included as a fixed effect in the model. The significance of the fixed effect of body mass breeding value as a predictor of LSP or LRS was assessed by its Wald statistic ( ). df p 1
Effect of Selection on Variance Components
We quantified the effect of viability selection on components of phenotypic variance in fledging mass by comparing the quantitative genetic estimates from two different sets of data. The first was preselection, using data on all nestlings in the database (with restrictions detailed above, ), which estimated the different causal N p 38,024 components of variance before most of the selection had taken place. The second was postselection, using a restricted data set consisting only of phenotypic measurements from those individuals that recruited to the breeding population ( recruitment). Because recruitment p local the animal model estimates the components of variance in a base population (Lynch and Walsh 1998) , any difference in the estimates from the two approaches will reflect the difference between the constitution of the total population and that of the subset that survived to become breeding adults. It therefore provides an estimate of the average effect (across all years) on the variance components of selection (for examples, see Merilä et al. 2001c; Kruuk et al. 2001 ) but allows for the fact that as a result of continuous immigration into the study area, different generations are distributed at different times throughout the pedigree. Variance due to environmental effects was defined as the sum of brood, year, and residual components of the phenotypic variance, and the environmental deviations calculated (see next section) represent the sum of these effects at the individual level.
Calculation of the Environmental Deviation
We calculated an "environmental deviation" for each individual by regressing phenotypic fledging mass on estimated breeding value. Thus, the estimation of each individual environmental deviation is made from the residual of each individual phenotype on its breeding value. The mean of all individual environmental deviations (residuals) can then be averaged for each year, and the Environmental Variation and Evolution E119 pattern of these means can then be compared over time or in relation to measurable environmental variables such as population density and temperature (see next section). For example, when the annual environmental deviation is negative in a given year or with respect to temperature or density, it is because the individual phenotypic values of fledging mass, on average, are smaller than expected, based on individual breeding values for that year (i.e., fledglings had a smaller body mass than expected based on their genotypes; see Kruuk et al. 2002; Sheldon et al. 2003 for other examples of analyses involving the environmental deviation).
Density-and Temperature-Dependent Processes
Overall breeding density was established as the total number of both great tit and blue tit (Parus caeruleus) pairs breeding in the wood in each year because both species compete for the same nest sites and for food (see Minot 1981; Minot and Perrins 1986) . Temperature data were obtained from the School of Geography, Radcliffe Meteorological Station in Oxford, about 5 km east of Wytham Wood. We used warmth sum (defined as the sum of daily maximum temperature from March 1 to April 25; see McCleery and Perrins 1998) as a measure of spring temperature. Density and temperature are not necessarily independent because temperature could potentially affect the density of the population. We thus used a path analysis (Mitchell 1992; Shipley 2000) and the standardized annual mean values of each parameter over the 36-year period to evaluate the effects of temperature and density on the mean environmental deviation (see "Calculation of the Environmental Deviation") of fledging mass. The analysis was run using the SEPATH module in Statistica package, which allows a maximum likelihood estimation of the discrepancy function (the function that is minimized to yield parameter estimates; Statsoft 1999) .
We hypothesized that the path model shown in figure  1A would provide an explanation of annual variation in mean environmental deviation. The direct effect of density in the current year was included as a path of direct causation because there is evidence that this parameter restricts food and territory availability through intra-and interspecific competition (Minot 1981) . Direct effects of temperature in the previous year (TϪ1) and in the current year (T) were included because temperature has a clear impact on reproductive timing and on the amount of the main food resources available for parents to feed their offspring (Perrins 1991; Buse et al. 1999) . The indirect effect of temperature on density at TϪ1 and T was also included because a warmer year is potentially beneficial for survival (Cresswell and McCleery 2003) . The only path of direct causation excluded was the direct influence of density in the previous year (TϪ1) on the environmental deviation. Including this factor as a direct determinant of environmental deviation yielded a model with a higher Akaike Information Criterion (Burnham and Anderson 1998) when testing for the best subset determining environmental deviation (established from the All Subsets Regression procedure for linear models implemented in Genstat) and also in the path model. It was, however, kept in the model as an indirect determinant of environmental deviation because of its indirect effect on density in the following year ( fig. 1A) .
Results
Heritability and Variance Components
The means and standard deviations of uncorrected fledging mass for pre-and postselection individuals are given in table 1. We found a significant heritability of body mass ( ; year. , , , . Value in boldface indicates the squared multiple T Ϫ 1 p previous † p P ! .10 * p P ! .05 * * p P ! .01 * * * p P ! .01 correlation coefficient of the model.
There was no evidence of temporal fluctuations in the direction of linear selection because none of the selection differentials for either phenotype or genotype was significantly negative (table 2) . There also was no suggestion of any consistent change in the strength of selection on phenotype in relation to time ( , , b p 0.002 ‫ע‬ 0.003 t p 0.68 , ). Selection differentials, however, were df p 34 P p .502 greater in years in which the mean body mass was lower than average ( , , , b p Ϫ0.224 ‫ע‬ 0.092 t p 2.45 df p 34 ), and they tended to be greater when the pro-P p .020 portion of individuals surviving to recruit was smaller ( , ) and also had a negative effect on fledgdf p 34 P p .050 ing mass ( , , , b p Ϫ0.0011 ‫ע‬ 0.0004 t p Ϫ2.62 df p 34 ). However, there was no association between se-P p .013 lection and density after taking account of differences in mass; including density and fledging mass in a multiple linear regression of selection differentials showed that the relationships between mean fledging mass and the strength of selection remained significant ( , b p Ϫ0.213 ‫ע‬ 0.102 , , ) while the effect of density t p Ϫ2.10 df p 33 P p .044 was no longer significant ( , b p 0.0001 ‫ע‬ 0.0003 t p , , ). Temperature had no significant 0.26 df p 33 P p .796 effect on selection differentials (results not shown). 
Phenotypic and Genotypic Response over Time
Despite the positive directional selection on phenotype demonstrated above, we found a significant decrease in the annual mean phenotype over time ( fig. 2; R p h ij P eration, where h 2 is the heritability, i is the standardized selection differential, and j P is the standard deviation of the phenotype (assuming that the trait is the direct target of selection and that all other genetically correlated traits are not subject to any direct selection; Cameron 1997). Thus, the expected phenotypic change given the mean values calculated here is ϩ0.05 ( SD) p 0.239 # 0.209 # 1.00 phenotypic standard deviations per generation, giving an expected change of ϩ0.027 g year Ϫ1 (given that one year, as estimated from Charlesworth generation p 1.85 1994). The estimated rate of change (Ϫ0.009 ‫ע‬ 0.004 g ) thus differs significantly from the predicted rate Ϫ1 year of ϩ0.027 ( , , ; comparisons ust p 9.00 df p 34 P ! .001 ing uncorrected phenotypes produce the same results). Hence, the predicted change in mean phenotype is not occurring.
In contrast to the phenotypic trend, we found a highly significant increase in the mean EBVs over the study period 
Environmental Variance Reduction: Intrabrood Component
Comparison of pre-and postselection samples showed that the component of variance subject to the largest reduction in variance was the one corresponding to brood identity (table 1). We therefore further assessed how this component of variance was affected by ranking each individual that survived until day 15 within a nest according to its mass, and we estimated the probability of survival to recruitment according to each individual's rank within the nest. We found that there was a significant effect of individual rank on survival probability (GLMM with year and brood identity as random effect and sector as a fixed effect: , ).
2 x p 34.59 P ! .001 (13) Higher-ranked individuals had a higher probability of survival (Spearman rank correlation of predicted survival probabilities on rank within nest [limited to the 10 firstranked chicks per nest] obtained from GLMM: r s p Ϫ0.867, ; fig. 4 ), and thus selection was acting P p .001 to remove the smallest individuals within each nest. Furthermore, we established that the mean environmental deviation of individuals that were not recaptured as adults was significantly lower (i.e., they had a smaller body mass than expected based on their breeding value) than individuals that were known to have survived; we tested with a linear mixed model including year and brood identity as random effect and sector as a fixed effect (average difference between nonsurvivors and survivors: ; , ). Thus, selection 2 Ϫ0.009 ‫ע‬ 0.004 x p 5.56 P p .018 (1) was also removing the individuals with the largest negative environmental deviations. This pattern is unlikely to be caused by nonrandom emigration from Wytham because the probability that a bird hatched in Wytham dispersed to the surrounding area is known to be independent of its mass as a nestling (Verhulst et al. 1997) . correlations (‫ע‬SE) between fledging mass and LSP and between mass and LRS among survivors were 0.050 ‫ע‬ and , respectively, and thus neither 0.212 Ϫ0.047 ‫ע‬ 0.135 of these correlations was significantly different from 0. The genetic correlation for fledging mass between the sexes was equal to ( , thus significantly 1.000 ‫ע‬ 0.001 P ! .001 different from 0), implying no differences between the sexes in the genetic architecture for this character. The genetic correlation between temporal segments with equal numbers of years was also equal to 1.0 ( again, P ! .001 significantly different from 0) implying that there is little likelihood that a genotype-by-environment interaction has generated the observed increase in breeding value over time. fig. 1B ) showed a significant direct negative effect of breeding density ( fig. 6A ) and of temperature the previous year ( fig. 6B ) and a marginally nonsignificant negative effect of temperature in the current year on the mean environmental deviation for body mass in a given year. The indirect effect of a warmer temperature in the previous year was to increase breeding density the next year, and this indirect effect thus resulted in a negative influence on the environmental deviation (standardized indirect effect:
Density-and Temperature-Dependent Processes
; see fig. 1B ). The 0.32 # Ϫ0.29 p Ϫ0.09 indirect effect of density in the previous year on density in the current year also had a resulting negative influence on environmental deviation ( ). 0.28 # Ϫ0.29 p Ϫ0.08
The overall squared multiple correlation of the path model was significant ( , ).
2 r p 0.40 ‫ע‬ 0.12 P p .002
Discussion
We used a long-term data set to try to understand the evolutionary trajectory of fledging mass in a wild great tit population. We found that mean fledging mass had declined over a 36-year period despite positive directional selection and a significant heritable component. Hence, the situation seems similar to that observed in the case of ) increased significantly over the study period. df p 34 P p .002 body size of lesser snow geese (Anser caerulescens; Cooch et al. 1991) , barnacle geese (Branta leucopsis; Larsson et al. 1998) , and collared flycatchers (Ficedula albicollis; Merilä et al. 2001a ). However, estimation of quantitative genetic parameters combined with selection analyses suggests that the additive genetic component of the phenotype has increased over time and has thus responded to selection (as with Merilä et al. 2001a) . By combining information about changes in both population breeding density and the early spring temperature over time, we were able to show that the combined action of these two processes can explain a large proportion of the difference between the phenotypic and genotypic responses in this population.
Both population density and the prebreeding spring temperature had increased over the study period, and the combination of both parameters explained a significant proportion of the change in the environmental deviation of the phenotype. The framework suggested by Cooke et al. (1990) therefore proved useful in explaining the departure of the phenotype from the response of the breeding value in wild population. Hence, as argued by Cooke et al. (1990) , changes in environmental conditions over time may indeed act to conceal evolution, and as our results suggest, such factors should be taken into account in future studies aiming to predict phenotypic evolutionary responses in the wild. The situation we documented here is also analogous to those often documented in studies of geographic differentiation called "counter-gradient variation" (Merilä et al. 2001a (Merilä et al. , 2001b , which is defined as a negative covariance between environmental and genetic influences on a trait that hides spatial genetic divergence among populations (Conover and Schultz 1995; for examples, see Parsons 1997; Laugen et al. 2003) . In our study, changes in environmental conditions increased the selection on a trait and thus augmented the expected microevolutionary response but at the same time changed the environmental deviation in the opposite direction, thus reducing the chances of the change being detectable at the phenotypic level.
The negative effect of density on the environmental deviation for fledgling body mass documented here probably has a straightforward explanation because an increase in overall population breeding density will reduce food and territory availability (Minot 1981; Minot and Perrins 1986 ), which will result in reduced offspring mass. Temperature during the early spring (prebreeding) had both direct and indirect effects on the environmental component of body mass, which is harder to explain. The positive indirect effect of warm temperature on breeding density is most likely to be related to a higher survival of nestlings in warmer years (this study-survival vs. temperature in previous year: b p 0.0008 ‫ע‬ , , , results of a GLMM with 2 0.0003 x p 5.56 P p .018
( 1) binomial error also including density, temperature in the current year, and fledging mass as covariates and brood identity as a random effect; see also Cresswell and McCleery 2003) . On the other hand, the direct effect of temperature is much more complex because it has potentially different effects in the previous year and in the current year. The direct effect of warmer temperature in the current year might be to reduce fledging mass, potentially through its effect on food availability. Indeed, it has been shown that great tits breed later relative to caterpillars (their main food supply) in years when the temperature is high during the period after laying (Perrins 1991; Buse et al. 1999) . The direct effect of temperature in the previous year could be partly related to the fact that it could increase the proportion of smaller individuals (with negative environmental deviation) that survive, which in turn would have smaller offspring the following year. Our data appear to support such a process, as there was a significant effect of temperature in the previous year on environmental deviation of survivors ( , , , b p Ϫ0.00412 ‫ע‬ 0.00129 t p Ϫ3.20 df p 34 ). Thus, temperature in the previous year not P p .003 only increased survival but also reduced the average size of survivors.
A previous study of this population (Gosler et al. 1995 ) demonstrated that adult winter mass had shown a response to changes in sparrowhawk (Accipiter nisus) abundance, with adults regulating their mass at lower levels following an increase in sparrowhawk abundance between 1965 and 1980 . Gosler et al. (1995 were able to show that the majority of this response could be attributed to individual phenotypic plasticity because repeated measures of individuals showed similar trends to the population as a whole. While sparrowhawks are important predators on newly fledged great tits, it is not likely that the change in fledging mass over time can be explained by a change in selection due to sparrowhawk predation. First, there is no evidence for a temporal trend in selection differentials on fledging mass. Second, splitting the analysis into two periods, from 1965 to 1980 (when sparrowhawks recolonized and then increased in population size within the study area) and from 1981 to 2000 (sparrowhawk population roughly stable), provides no evidence that the selective regime differed between the two periods (comparison of annual selection differentials: , , ). Adriaensen et t p 1.05 df p 34 P p .30 al. (1998) concluded that the presence of sparrowhawks influenced the form of selection on fledging mass in blue tits, with selection changing from directional to stabilizing as sparrowhawks become more numerous. We found no evidence in support of this conclusion because there was no suggestion that stabilizing selection had become stronger over time (a negative slope for quadratic coefficients is expected if stabilizing selection is becoming stronger over time:
, , b p 0.001 ‫ע‬ 0.002 t p 0.49 df p , ) . 34 P p .630
In their study of a population of collared flycatchers found on Gotland, Sweden, Merilä et al. (2001a) used the synchronization between caterpillar hatching date and the date of bud burst of oak trees on which the caterpillars feed (values used were originally calculated for local conditions found in the Netherlands; see Visser and Holleman 2001) to explain variation in fledgling body condition index. They showed that condition at fledging was higher when synchronization was high (and thus food was likely to have been abundant). Using the same indicator of environmental quality as Merilä et al. (2001a) , we found a significant positive relationship with fledging mass (from 1975 and 1999 Visser and Holleman 2001) , implying that the model for path analysis we have defined here includes a large part of this effect. It is, however, interesting to note that environmental data from the Netherlands provided plausible explanations for patterns observed in populations of birds breeding in Sweden and the United Kingdom, implying that a common large-scale environmental process operates across northwest Europe. Large-scale climatic processes such as the North Atlantic Oscillation Index have been shown to affect a range of different traits in animal populations over a wide geographic range (Post and Forchhammer 2002; Sheldon et al. 2003; Garant et al. 2004) .
We were able to discount other potential causes for a mismatch between selection and phenotypic response. First, the heritability estimate we obtained for fledging mass was lower than the value obtained in a previous study using parent-offspring regression in the same population ( ; Gosler and Harper 2000) . Heritability 2 h p 0.44 ‫ע‬ 0.05 estimates obtained from animal models are often lower than estimates obtained with parent-offspring regressions (mainly because the common environment variance can be separated from the additive variance; see Kruuk 2004) . However, our estimate was still considerable, and thus a lack of genetic variability is unlikely to represent a constraint on the potential evolutionary response to selection. Second, there were no noteworthy fluctuations over time in selection at either the phenotypic or the genotypic level. It is thus doubtful that such a process would hamper the expected evolutionary response of body mass. The situation is thus different from that observed, for example, in a long-term study of two species of Darwin's finches in which temporally fluctuating selection pressures generated unpredictable evolutionary trends for heritable beak size and shape traits (Grant and Grant 2002) . Comparisons of immigrants with locally born birds also suggested that there was no evidence for different processes occurring elsewhere. Third, we found no evidence to suggest any constraint imposed by genetic correlations between body mass and fitness components measured later in life (life span and lifetime reproductive success); fledging mass breeding values were positively correlated with LSP and LRS. Opposing selection generated by either negative genetic correlations or reversed associations of fledging mass with fitness traits at a later stage in life are therefore not likely in the current system. Finally, genetic correlations between the sexes and between different segments of the study were not different from unity; both results suggest that sex or time-based genotype-environment interactions are unlikely to influence our conclusions. It has been suggested previously that directional natural selection could mainly be associated with the environmental component of characters (Price et al. 1988; Alatalo et al. 1990 ; but see also Kruuk et al. 2001) and that natural selection would thus be removing the individuals with the largest negative environmental deviations from their breeding values. In agreement with this suggestion, we found that larger chicks were more likely to survive, potentially because they were healthier (taking size as a sign of health) and/or because intrabrood competition favors larger individuals (Garnett 1981 ; although note that there will also be variation in breeding values between chicks within a nest, such that an individual's rank is not entirely due to environmental effects). The result of this was that selection removed individuals with the most negative environmental deviation. However, when we compared the size of the additive genetic (V A ) and environmental ( ; see table 1) components of V p year ϩ nest ϩ residual E variance before and after selection, we found evidence that both V A and V E are targeted by selection because all components were significantly reduced in the postselection sample. As a result, heritability estimates were not different in our pre-and postselection samples. Finally, we also quantified the force of selection acting on the breeding value of individuals under selection and showed that there was a significant selection differential for breeding values over the study period. Selection associated with environmental deviations is thus not a sufficient explanation for the opposite change in phenotype observed here. It should be acknowledged, however, that our selection estimates rely on local survival and recruitment and are not considering the potential survivors recruiting outside of the study area.
In conclusion, we have demonstrated a microevolutionary response to selection on fledging mass, although it is a response that is masked by a deteriorating environment. In our particular case, there seems no good reason to assume that the selection response and the environmental deterioration were necessarily linked because the environmental change seems most plausibly explained as a large-scale climatic change. In that sense, the processes here differ from the model proposed by Cooke et al. (1990) because their model proposed that the selected population caused its environment to deteriorate. However, our results demonstrate the usefulness of combining quantitative genetic methods and data on population ecology and underline the importance of incorporating the effects of environmental variation when assessing evolution in the wild. Our results also highlight the value of long-term data sets in revealing the effects of environmental change and its interaction with evolutionary processes.
